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Abstract

Purpose of Review Per- and polyfluoroalkyl substances (PFAS) are a family of > 4700 recalcitrant compounds, many of which
are ubiquitous in the environment. This review aims to (1) identify PFAS sources and fate processes relevant to agricultural
systems and (2) expand on plant uptake mechanisms and plant responses to PFAS.

Recent Findings The number of PFAS being quantified in studies involving soil, water, and plants is increasing. Transformation
of precursors that tend to stay in the rhizosphere can lead to long-term PFAS reservoir to plants. Some PFAS are readily taken up,
particularly the shorter-chain PFAS, and can evoke metabolic responses and phytotoxic effects at high concentrations. PFAS
translocation from roots to shoots occurs through both active and passive transport mechanisms. Both PFAS uptake and effects
vary between and within species.

Summary As new PFAS emerge, it will be necessary to continue expanding the list of PFAS quantified in land-applied media
and assessing their accumulation potential in plants. While controlled laboratory or greenhouse studies have merit, comprehen-
sive field studies are needed to provide clarity on PFAS fate and their relative risk in agricultural systems. Field studies should
include identifying site-specific PFAS sources, quantifying a broader suite of PFAS and identifying potential precursors, eval-
uating plant uptake of replacement PFAS, reporting of soil properties and climatic conditions, and assessing risk of impacts to
source and irrigation waters. This information can be utilized to inform future studies towards evaluating and mitigating risks to
our food chain associated with PFAS in agricultural systems.

Keywords PFAS - PFOS - PFOA - Soil amendments - Phytotoxicity - Crops - Vegetables

Introduction

Per- and polyfluorinated alkyl substances (PFAS) are a widely
utilized chemical family [1-3] now referred to as forever
chemicals due to their high thermal and chemical stability as
well as minimal biodegradability [4]. The perfluoroalkyl chain
length (C,F5, . 1-), the functional head group (e.g., carboxylic
acid, sulfonate, alcohol, phosphate, amino, or other groups),
which may be attached to a nonfluorinated hydrocarbon enti-
ty, and structural differences in the fluoroalkyl chain itself
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(e.g., branching, ether moiety) govern their behavior, sub-
classification, and nomenclature [S]. Some PFAS are highly
bioaccumulative and have been reported in blood serum and
breast milk of humans throughout the globe [6-8] and have
been associated with adverse health effects [9]. Two classes
within the PFAS family that have received the most attention
are the perfluoroalkyl sulfonic acids (PFSAs) and the
perfluoroalkyl carboxylic acids (PFCAs) [10+] of which
perfluorooctane sulfonic acid (PFOS) and perfluorooctanoic
acid (PFOA), respectively, are the most researched to date.
Due to their highly bioaccumulative nature, PFOS and
PFOA have been voluntarily phased out and are on the
Stockholm Convention persistent organic pollutant lists
Annex B (restricted) and Annex A (eliminated), and
perfluorohexane sulfonic acid (PFHxS) is under review [11].
A range of less studied and often more mobile PFAS that are
substitutes for PFOS and PFOA [12] have been found to be
equally persistent and often with similar adverse effects, albeit
often at higher concentrations [9], thus leading to additional
management and regulatory challenges.
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The primary PFAS exposure routes researched to date are
drinking water, meat, fish, milk, food packaged in PFAS-
containing materials, and indoor dust inhalation [13-16].
More recently, research has included evaluating PFAS expo-
sure from commonly consumed agricultural products (grains,
cereals, vegetables, fruits); therefore, it is crucial to understand
PFAS sources to plants and the processes controlling how
much of each PFAS is taken up by various plant types.
Sources of PFAS to agricultural field crops consist of atmo-
spheric deposition via precipitation or particle-bound PFAS,
and absorption from the gaseous phase [17, 18], irrigation with
contaminated well water or treated wastewater effluent [19-23],
pesticides [24¢, 25], aqueous film-forming foams (AFFFs) used
to extinguish fires [26], and land-applied sewage sludge or
biosolids [27+, 28-32, 33¢], as well as industrial or municipal
compost [34, 35]. Likewise, food grown in hydroponic and
greenhouse systems can be impacted by contaminated water
as well as other sources. Relative PFAS contributions from
different sources will vary depending on location-specific ac-
tivities and facilities. For example, PFAS contributions from
atmospheric deposition have been especially concerning for
crops grown near fluorochemical manufacturing facilities [36,
37]. AFFFs are typically the major PFAS source of highly
contaminated water near fire training areas; however, impacts
to agriculture are generally limited to irrigation with AFFF-
contaminated water [26] which could significantly increase ex-
posure risks [38]. Much less is known about the relative PFAS
contribution to crops from land-applied biosolids and com-
posts, which serve as both a valuable resource for improving
crop yields and a waste management strategy. Also, factors and
mechanisms controlling PFAS uptake by plants are not well
understood. A critical understanding of these sources and
mechanisms is necessary to determine the associated risks,
trade-offs, and need for regulatory action [39-41].

Aim and Scope

This review will address PFAS in agricultural systems with an
emphasis on land application scenarios, PFAS reservoirs in
the rhizosphere, soil-plant transfer, and plant health. A recent
review by Ghisi et al. [42¢] summarized research on PFAS
uptake and occurrence in grains, vegetables, and fruit prior
to 2018 with an emphasis on comparing bioaccumulation
trends between plants and impacts of environmental factors
with a primary focus on C4 and C8 PFCAs and PFSAs.
Studies after 2018 have addressed an expanded list of PFAS
and began to address precursor contributions to plant uptake.
Precursors are PFAS that can degrade to PFCAs or PFSAs,
which are the terminal metabolites and collectively referred to
as perfluoroalkyl acids (PFAAs). Precursors are often less
mobile than PFAAs, thus they can serve as a PFAA reservoir
in the rhizosphere. The previous review did not include
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several field studies that provide valuable information on
soil-plant transfer of PFAS under field conditions. In addition,
insight into uptake mechanisms and effects to plant health
were not specifically addressed. Therefore, this review ex-
pands upon the work by Ghisi et al. [42¢] accordingly. In
addition, hydroponic, pot, and field studies will be compared
and contextualized to inform future studies. Recent studies on
uptake of PFAS in different agricultural plants are synthesized
and discussed in light of previously hypothesized uptake
mechanisms and trends. Furthermore, studies on plant re-
sponses to PFAS contamination are discussed. Immediate data
gaps are highlighted to guide future plant uptake studies, clar-
ify potential PFAS sources in agricultural systems, and better
inform relative risk of PFAS exposure through our food chain.

The Expanding List of PFAS

At least 4700 PFAS have been used in industrial and commer-
cial processes and thus potentially released to the environment
[3, 43]. PFAS include anionic, cationic, zwitterionic, and neu-
tral compound groups with a range of functional groups (e.g.,
carboxylic acid, sulfonic acid, ether sulfonate, sulfonamide,
sulfonamido acetic acid, phosphate diester, acrylate, amido
ammonium salt, amido betaine, and others) [44, 45]. In addi-
tion, for a given PFAS, there can be multiple isomers depend-
ing on the manufacturing process, e.g., PFOS produced from
an electrochemical fluorination process yields multiple
branched isomers in addition to the linear isomer [5]. Initial
PFAS occurrence studies targeted only PFOS and/or PFOA,
and without isomer delineation. Research involving additional
PFAS has increased as awareness of the numbers of PFAS in
the environment, analytical method development, and analyt-
ical standard availability have increased. Table 1 provides a
classification and acronym summary for the PFAS that have
been included in the plant uptake studies reviewed. PFAS in
these studies were quantified using liquid chromatography
(LC) paired with mass spectrometry (MS), tandem mass spec-
trometry (MS/MS), high-resolution mass spectrometry
(HRMS), or quadrupole time of flight MS (QToF-MS) [46,
47]. Targeted quantification is limited to availability of stan-
dards, which currently includes approximately 60 PFAS.
Suspect and nontarget screening with advanced MS instru-
mentation (e.g., QToF-MS) may be used to identify other
PFAS including precursors and intermediates in the pathways
to PFAAs. Precursor transformation to PFAAs typically in-
volves multiple transformation steps with different degrada-
tion rates and some quite stable intermediates. Degradation
rates, metabolites, and metabolite yields vary with each
PFAS class as well as environmental factors commonly
known to affect microbial degradation [48]. For example, aer-
obic half-lives of fluorotelomer alcohols are <1 week with
yields to PFOA as high as 40% whereas aerobic soil
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CF3(CF»)s(CH,),80;

Formula

Acronym
6:2 FTSA

6:2 fluorotelomer sulfonic acid

PFAS

Fluorotelomer Sulfonic Acid

Table 1 (continued)
(FTSA)

Class
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CF;(CF,),CH,CH,COOH

3:3 FTCA
5:3 FTCA
7:3 FTCA
6:2 FTCA
8:2 FTCA

3:3 fluorotelomer carboxylic acid

Fluorotelomer Carboxylate

(FTCA)

CF;(CF,)4CH,CH,COOH

5:3 fluorotelomer carboxylic acid

CF;(CF,)sCH,CH,COOH
CF;5(CF,)sCH,COOH
CF;5(CF,),CH,COOH

7:3 fluorotelomer carboxylic acid

6:2 fluorotelomer carboxylic acid

6:2 fluorotelomer carboxylic acid

CHCOOH
CHCOOH

CF3(CF,)s(CH,),0H
CF3(CF,)7(CH,),0H

CF3(CF)s(CH,),OH

CF3(CF,)4CF:
CF3(CF,)CF:

6:2 FTUCA
8:2 FTUCA
6:2 FTOH
8:2 FTOH

6:2 unsaturated fluorotelomer carboxylate

8:2 unsaturated fluorotelomer carboxylate

6:2 fluorotelomer alcohol

Fluorotelomer Alcohol

(FTOH)

8:2 fluorotelomer alcohol

10:2 FTOH

10:2 fluorotelomer alcohol

degradation of fluorotelomer sulfonates, which is both a
precursor and an intermediate of some larger S-
containing PFAS, is much slower with desulfonation
being the rate-limiting step [49].

Other approaches for estimating the contribution of un-
known PFAS loads include conducting a fluorine mole
balance using bulk organofluorine measurements or chem-
ical assays such as the total oxidizable precursor (TOP)
assay, particle-induced gamma-ray emission (PIGE) meth-
od, and adsorbable organic fluorine (AOF) or extractible
organic fluorine (EOF) paired with combustion ion chro-
matography (CIC) methods [50]. Understanding the con-
tribution of the unknown PFAS is helpful when making
cross-study comparisons between Y PFAS, > PFSAs, and
> PFCAs in targeted studies, due to variations between me-
dia and precursor degradation in temporal studies. For ex-
ample, the PFOS precursor sulfluramid (active ingredient
EtFOSA), which is a pesticide used in the region to control
leaf-cutting ants, was proposed as the most likely source of
measured PFOS in Brazilian soils (0.020-3.77 ng/g) [24°].
In a carrot uptake study using soil fortified with EtFOSA,
temporal generation of FOSAA and FOSA (intermediates
to PFOS) and PFOS with yields up to 34% was attributed
to EtFOSA degradation [25]. Likewise, in a wheat uptake
study using FOSA-fortified soil, degradation to PFOS was
observed in both the soil and the earthworms [51]. A small
subset of these now known precursors is starting to be
routinely quantified; however, currently, there are still
many known precursors that are often not quantified. In
addition, there are likely still many unknown and difficult
to quantify precursors that may be a significant fraction of
the total PFAS present and could serve as a continual
source of PFAAs depending on degradation potential and
degradation rates. For example, a recent study looking at
several Canadian biosolids found two side-chain fluorinat-
ed polymer surfactants used in consumer products at
higher concentrations than the total for targeted PFAAs
[33¢]. Therefore, although the list of PFAS typically quan-
tified is likely to expand rapidly over the next few years,
PFAS occurrence and potential PFAA reservoir are likely
underestimated, especially in, but not limited to, earlier
studies.

PFAS Sources and Presence in Soils
and Growing Media

To provide a foundation to discuss PFAS availability to plants
in different growing media, typical PFAS types including pre-
cursors and concentration ranges are briefly detailed in this
section. PFAS have become so ubiquitous in the environment
that finding pristine soils is rare. A recent review by Vedagiri
et al. [52] of soils in North America with no known PFAS
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point sources found background levels of PFOS and PFOA
ranged from 0.018 to 2.55 ng/g (n =38 studies) and 0.059 to
1.84 ng/g (n =40), respectively. A global survey of 32 PFAS
in soils taken from 62 locations with limited to no anthropo-
genic impact revealed PFAS presence in every sample; long-
range transport was identified as the source [53]. Of the data
reviewed, 33 samples from North America only reported
PFOS and PFOA values. Globally, > PFCAs (C6—C14)
ranged from 0.03 to 14.3 ng/g, and ) PFSAs (C6—C10) ranged
from <LOD to 3.27 ng/g. Other PFAS quantified are inter-
mediates and precursors in the PFAA degradation pathway
including a series of ten FTUCAs and ten FTCAs, which
ranged from < LOD to 0.106 ng/g and < LOD to 0.048 ng/g
in soils, respectfully. Comparison across the globe indicated
that the northern hemisphere (especially Asia and North
America) had higher PFAS concentrations than the southern
hemisphere, which is consistent with results from previous
atmospheric distribution studies and oceanic studies [53].
Biosolids and irrigation waters are the most prominently
studied sources of PFAS in agricultural soils. PFAS are found
in multiple water resources around the world [52], which
when utilized as an irrigation source can lead to higher
PFAS loads in soils then global background concentrations.
Irrigation with well water, treated wastewater effluent, and
surface water is essential to agriculture in many regions, and
thus is a source of PFAS to plants that is difficult to avoid. Of
13 PFAS tested in agricultural soils from a Ugandan wetland
irrigated with surface water receiving effluent discharged by
wastewater treatment plants (WWTPs), PFOS was the most
abundant (36-50% of Y PFAS, 0.6-3.0 ng/g dw)>PFOA
(6.2-15%, 0.48-0.91 ng/g dw) > PFHXA (4.7-18% dw, 0.2—
0.5 ng/g dw) [23]. In a South Korean rice paddy irrigated with
surface water impacted by effluent from WWTP receiving
textile industry waste, the soil contained Y PFAS ranging from
0.12to 13.9 ng/g dw [54]. Zhang et al. [55] reported ) PFAAs
in irrigated agricultural fields in China ranging from 0.29 to
4.28 ng/g (mean 1.62 ng/g) with PFOA (39% of Y PFAAs) >
PFDA (16%) > PFBA (9%) > PFHXA (7%) = PFNA (7%). In
home gardens in the USA irrigated with landfill leachate-
contaminated groundwater, several PFAAs, including PFOA
(0.11-3.0 ng/g), PFOS (0.57-12.0 ng/g), PFBA (0.04-
13.0 ng/g), PFPeA (ND—0.57 ng/g), PFHxS (ND—
0.24 ng/g), and PFHXA (ND—0.66 ng/g), were detected in
over 70% of the soil samples from 20 home gardens [22°].
Comparatively lower concentrations were found in 3 irrigated
gardens outside the contaminated zone: PFOS (0.93-2.1 ng/
g), PFOA (0.29-0.54 ng/g), and PFBA (0.073-0.49 ng/g).
Waste-derived soil amendments and fertilizers, including
biosolids and composts made from biodegradable solid
wastes, are frequently land-applied as an organic matter
source that improves soil structure and water-holding capacity
as well as a slow-release source of nitrogen and other micro-
and macronutrients [56—58]. Concerns that these waste-

derived soil amendments are significant sources of PFAS to
the environment have been increasing over the past decade
[27-, 30, 33, 35, 59, 60]. Biosolids, which are prepared from
the sludge produced in the wastewater treatment process, in-
herently contain higher concentrations of the more sorptive
longer perfluoroalkyl chains and larger precursors than the
corresponding wastewater effluent. Longer-chain PFAS refer
to those that have six or more perfluoroalkyl carbons.
Degradation of these precursors throughout the sludge treat-
ment process and after land application can lead to increased
concentrations of the shorter-chain PFAAs [61]. PFAS loads
to soil from biosolid application depend on the PFAS sources
to WWTPs, the PFAS concentrations in the biosolids, and
biosolid application rates [33+, 62, 63]. Furthermore, given
the persistence of PFAS, multiple biosolids applications may
result in higher PFAS concentrations [63, 64]. Sepulvado et al.
[64] investigated PFAS at a site in Illinois where biosolids
were applied over a 3-year period. Various loading rates and
soil types were utilized, along with 6 different biosolids that
contained a mean Y PFAS concentration of 433 ng/g. PFOS
(80-219 ng/g), MeFOSAA (63-143 ng/g), EtFOSAA (42—
72 ng/g), and PFOA(8-68 ng/g) were detected most frequent-
ly in biosolid samples [64]. PFAS leaching at the site in-
creased with decreasing carbon chain length, thus greater
leaching of short-chain PFAS was observed [64]. While
Sepulvado et al. [64] did include known PFAA precursors
MeFOSAA and EtFOSAA in their study, other precursors
yet to be identified may have been present. For example, in
soils from a biosolid-amended field in Ontario, Chu and
Letcher [30] found, for the first time, two side-chain fluorinat-
ed polymer surfactants (S1 and its shorter-chain replacement
S2) from Scotchgard™ fabric protectors totaling ~240 ng/g
dw, which was one hundred times higher than the total sum of
22 other more typically targeted PFAS [30]. Later, they found
these same PFAS in biosolids from numerous wastewater
treatment plants in Canada [33¢]. While studies have yet to
be conducted to quantify the degradation of these larger
PFAS, PFAS used in textiles and leather for stain and water
resistance may be a long-term source in domestic wastewater
with potential to generate PFAAs.

Most commercially available waste-derived products sold
in local or major store chains, which are typically purchased
for use in urban and sub-urban gardens, golf courses, and
public and homeowner lawns, have been found to contain
PFAS. Kim Lazcano et al. [59] found 9.0-181 ng/g of total
PFAAs in commercially available municipal biosolid-based
products. PFAS are also present in non-biosolid urban
waste-derived composts made from compostable paper prod-
ucts, food wastes, and tree and grass clippings. Total PFAAs
in organic waste composts ranged from 31 to 75 ng/g for those
containing food packaging with PFAS concentrations being
lower in composts of only food and yard wastes (< 18.89 ng/g)
[35, 59]. All these biosolid and non-biosolid waste-derived
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composts contained PFOA and PFOS even though phase out
was several years earlier than when these materials were pro-
duced. Several PFAS precursors were also detected with the
most common being the 6:2 diPAP and 6:2 FTS [35, 59].
Likewise, total PFAAs up to 80 ng/g dw were found in
biowaste from biogas production [31]. Overall shorter-chain
PFAAs were higher in municipal solid waste- and biowaste-
derived amendments compared to biosolid-based products
[31, 35, 59]. Other waste-derived materials used as soil
amendments that have not been studied for PFAS occurrence
include paper mill wastes [65] which are expected to contain
PFAS associated with PFAS-based paper coatings. Other
PFAS sources applied to agricultural soils include PFAS-
based pesticides, e.g., sulfluramid as exemplified already, or
pesticides that may contain PFAS in their formulations as an
ingredient in the surfactant carrier of which little is known.

PFAS production or use in manufacturing can lead to
PFAS additions to agricultural soils through atmospheric de-
position and/or contaminating water used for irrigation. Soil
samples in agricultural fields located in five cities near
fluorochemical manufacturing sites were commonly found
to contain PFAS with detection frequency of PFBA
(18.2%) > PFOA (31.8%), > PFDA (11.4%) > PFNA(12.6%)
[66]. Liu et al. [36] reported total PFAS concentrations in
agricultural soils of 79.9 to 200 ng/g and 2.09 to 3.75 ng/g
within 0.3 km and 10 km, respectively, of a fluorochemical
plant. PFOA made up the greatest portion (83.4%, up to
181 ng/g) of the total quantified with the remainder being
primarily the shorter-chain PFCAs [36].

Use of AFFFs has led to release of a wide range of both
PFAS types and concentrations to the environment. For ex-
ample, in Australia, 60 different PFAS were detected in
AFFF-impacted soil, including novel PFAS identified with
nontarget techniques [26]. Several PFSAs, PFCAs, chlorinat-
ed perfluoroalkyl sulfonate (Cl-PFSAs), ketone perfluoroalkyl
sulfonates, FASA, perfluoroalkyl sulfinates, perfluoroalkyl
sulfonamidoethanols, fluorotelomer sulfonates, and
perfluoroalkyl sulfoamido amines as well as one
fluorotelomer thioamido sulfonate were detected. This exem-
plifies the need to include nontarget screening in future stud-
ies, particularly at, but not limited to, AFFF-impacted sites.
High total PFAS concentrations are often observed at fire
training sites, e.g., Dauchy et al. [67] reported up to
710,126 ng/g in surface soils and 300 to 8300 ng/L in
groundwater.

PFAS Sorption and Mobility Characteristics

PFAS interactions with soil moderate PFAS mobility and
plant availability, thus the long-term dynamics of PFAS in
agricultural systems. Within a class of PFAS (e.g., PFCAs,
PFSAs), PFAS sorption to soils increases with increasing
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perfluoroalkyl chain length [68]; therefore, leaching and bio-
availability increase with decreasing chain length [64, 69]. For
a given chain length, sorption tends to be higher for PFSAs
compared to PFCAs [68]. Cationic and some zwitterionic
PFAS tend to have a high affinity to agricultural soils, since
healthy soils typically contain a significant cation exchange
capacity [45, 70]. Although soil organic carbon (OC) gener-
ally increases sorption of organic contaminants, in a review by
Li et al. [60], no consistent trend was apparent between OC
and PFAS sorption by soils across the globe. Although param-
eters that may affect sorption were not provided in all papers,
Li et al. [60] were able to evaluate trends between sorption,
pH, and cation concentrations. They found pH to be signifi-
cantly correlated to sorption for only EtFOSAA (n=10),
MeFOSAA (n=10), and PFDS (n = 10), while a general trend
of increasing PFAA sorption with increasing cation concen-
tration and overall salinity was evident [60]. Correlations to
other soil properties such as exchange capacities were
constrained because property information was most often
not reported [60]. Using PFAA sorption data obtained for a
single soil and a single concentration but with different solu-
tion pH and cation presence (Al, Ca, and Na), Campos Pereira
et al. [68] generally observed inverse correlations between
OC-normalized sorption coefficients and pH. Both PFAAs
and acid functional groups in soil organic matter (SOM) be-
come more anionic with increasing pH, thus lower sorption
with higher pH may be expected for anionic PFAAs. Cation
effects were more varied and complicated since their addition
can invoke pH changes as well. Overall, the authors attributed
the effects observed to changes in the net charge of organic
matter, which can be impacted by pH as well as cation charge
and concentration. They also hypothesized that longer-chain
PFAAs preferentially sorb to the humin SOM fraction where-
as sorption of the shorter chain was more to humic and fulvic
acid domains [68]. Although data were limited, results indi-
cated that different OM sources (e.g., OM arising from differ-
ent crop and management strategies including land-applied
waste-derived amendments) may alter PFAS retention, thus
mobility and plant uptake potential. Factors not considered
by Campos Pereira et al. [68] include nonlinear sorption be-
havior [71] and the effect of cation charge and concentration
on PFAA clustering [72].

Inorganic anions can also impact PFAA sorption. Addition
of phosphate decreased sorption of PFOS due to site-specific
competition with the greatest impact being in soils with low
OM content and high ferric oxide content [71]. Given the
importance of phosphorus as a nutrient in agricultural sys-
tems, further studies on the effect of phosphorus speciation
and concentration on sorption of additional PFAS are warrant-
ed. Lastly, other sorption mechanisms unique to PFAS as
surfactants include the potential for enhanced retention at the
air—water interface in the vadose zone [73, 74] (the unsaturat-
ed zone of soil above the water table including the root zone).
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In unsaturated soils, air—water partitioning of PFOS [74] and
PFOA [73] at higher concentrations typical of AFFF-impacted
sites accounted for 32% and up to 75% of the retention by soil,
respectively. This indicates that rain events that lead to satu-
ration may temporarily mobilize sorbed PFAS. The role of
interfacial tension at PFAS concentrations that may be re-
leased from typical waste-derived soil amendments versus
AFFFs is yet to be determined.

Uptake into Agricultural Plants

The plant uptake studies reviewed include hydroponic studies
(n=17), pot studies (n=19), and field studies (n=14)
(Table S1). Table 2 provides a summary of the plant species
studied, reported uptake and comparisons between study types
for the most commonly studied PFAAs, and the range in
number of PFAS that have been included in at least one study
for the given species organized by classification. A total of 63
field crops and produce types have been studied with the most
studied reported in Table 2. Grains, leaf vegetables, and root
vegetables were the most studied plants, with sweet fruits
being the least studied. Generally, vegetables and vegetative
plant components had higher PFAS concentrations than grains
and fruits. In home gardens, floret vegetables had higher con-
centrations of PFAS than other plant categories [22]. Studies
indicate that long-chain PFAAs will be less susceptible to
leaching and less likely to transfer from soils to plants or be
translocated compared to the shorter-chain replacements
which are more water soluble [12, 35, 75¢]. Likewise, precur-
sors can serve as a reservoir of smaller more mobile and bio-
available PFAS (intermediate metabolites and subsequent ter-
minal PFAAs) [51]. The source strength of the precursor res-
ervoir will depend on degradation rates and PFAA yield po-
tential [48], which has not been determined for many precur-
sors especially those more recently identified.

Synthesizing data from plant uptake studies can be challeng-
ing due to reported differences between plant species, within
plant species (different cultivars), and within the different plant
components (root, shoot, leaves, fruit) [42¢, 82, 92¢], as well if
data are reported on a wet or dry weight basis. To compare
between treatments and different systems, several ratios have
been utilized including the root concentration factor (RCF, ratio
of root to soil concentration), translocation factor (TF, ratio of
shoot to root concentration) or sometimes called the foliage to
root concentration ratios (FRCFs), shoot concentration factor
(SCEF, ratio of shoot to the growing media), and bioconcentration
factor (BCF, ratio of the plant to growing media). In addition, a
transpiration stream concentration factor (TSCF) can be used to
describe translocation of PFAS via the transpiration stream; how-
ever, TSCF is not highly reported and is better suited to hydro-
ponic studies; plants grown in soil require a porewater analysis to
calculate TSCF [102°].

In studies using different ratios of PFAS between compart-
ments in various plant systems, the PFAS characteristic ap-
pears to be the single most consistent factor affecting TFs and
RCFs [20, 36, 62, 75, 74-76, 77, 79-81, 102+, 103, 104],
which allots some insight into uptake mechanism. RCFs gen-
erally increased with increasing chain length and were greater
for PFSAs compared to PFCAs of similar chain length [76,
80, 102, 104], whereas TFs generally increased with de-
creasing chain length [20, 36, 62, 75+, 76, 79, 80].
However, there are exceptions to these general trends attrib-
uted to plant-specific mechanisms to be discussed in the
mechanism section [91, 105¢]. For a given PFAS, there are
also notable trends with PFAS concentrations in the growing
media. Current trends described in the literature indicate that
root uptake concentrations increase with increasing PFAS
concentrations [82, 91, 96]. This leads to relatively constant
RCEF values for given PFAS unless sorption to tissues reaches
a maximum (e.g., nonlinear sorption to tissues) in which case
the RCFs may decrease [91]. Across many species, short-
chain PFAAs readily uptake and translocate throughout the
plants [36, 42¢, 75+, 79, 104], thus they tend to have higher
TFs than longer chain. Short-chain PFAAs translocated to
edible portions of crops more often than long-chain PFAAs
[66], partially because short-chain PFAS sorb less to soils
[106] and thus are more bioavailable [22¢, 104, 107]. Also,
it is plausible that with smaller size PFAS, plant root barriers
may have a reduced impact on restricting their translocation
[75¢] as will be discussed in regard to plant uptake
mechanisms.

Study type and design will affect PFAS bioavailability, the
contact period during which the plant can uptake PFAS and/or
PFAS effects on the plant. In hydroponic systems, overall
PFAS availability is high compared to soil since it is not mod-
erated by sorption; however, the root surface area where up-
take occurs can be reduced in a hydroponic system. For ex-
ample, red chicory root development in hydroponic systems
was reduced; thus, uptake surface area decreased compared to
chicory grown in soil [102¢]. Most studies, particularly in pot
and hydroponic studies, invoke PFAS treatments to seedlings
(germination occurs in a different environment); thus, poten-
tial effects on germination and early growth are missed. Field
studies often include impacts on germination since seeds are
planted rather than seedlings and have additional variables
that can impact PFAS availability for plant uptake such as
potential for compounds to leach out of the root zone and
climate variability. Also in most pot studies, leaching is
minimized or prevented; thus, short-chain PFAS remain in
the root zone unlike what is likely to occur in the field. For
example, decreases were reported in short-chain PFAS con-
centrations in the soil profile throughout a growing season due
to leaching [64, 106], whereas in a pot study short-chain
PFAS became enriched in the bottom layers of the pot com-
pared to the longer-chain PFAS and remained accessible for

@ Springer
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plant uptake [104]. Thus, study design must be considered
when interpreting plant uptake magnitudes and mechanisms.

Field studies on plant uptake of PFAS and the number of
different PFAS analyzed have increased in recent years; elev-
en field studies are summarized here that were not previously
reviewed [42¢]. Two field studies noted a correlation between
the level of short-chain PFAS taken up by crops and the vol-
ume of PFAS-contaminated irrigation water used [22e, 55].
For example, 60% of the variability in PFBA concentrations
in home garden—grown produce was accounted for by differ-
ences in the volume of PFAS-contaminated water used to
irrigate the gardens [22¢]. For a variety of lab and greenhouse
designed studies, PFCAs have been shown to translocate from
plant roots to shoots more readily than PFSAs. However,
field-scale translocation and soil-root transfer data are sparse;
sampling rarely includes harvest of non-edible crop compo-
nents. In cases where soil-root transfer was evaluated, PFAS
contributions from atmospheric deposition confounded accu-
rate TF and BCF comparisons, especially in plants grown near
fluorochemical manufacturing. For example, field-grown let-
tuce at a site 0.3 km from fluorochemical manufacturing had
up to 2370 ng/g PFBA and 1040 ng/g PFOA in lettuce and
only 5 ng/g PFBA and 90 ng/g PFOA in soil [36], whereas
lower concentrations in lettuce (no more than 270 ng/g PFBA
and 200 ng/g PFOA) were observed in pot studies grown at
similar soil PFAS concentrations (6 ng/g PFBA and 80 ng/g
PFOA in soil at the time of harvest) [63]. Though costly,
future field study designs should target inclusion of data that
will enable estimations of BCFs and TFs to different plant
domains to better ascertain uptake mechanisms and predict
risks associated with accumulation in both human and animal
edible components.

Studies that include additional PFAS classes as well as
precursor and precursor degradation intermediates in plant
studies are limited. A single study that included CI-PFAESs
found that the TF in wheat of 6:2 CI-PFAES (a PFOS replace-
ment) was similar to that of PFOS, while 8:2 CI-PFAES had a
lower TF, indicating that chain length effects occur within
other PFAS classes similar to those observed for PFCAs and
PFSAs [77¢]. A single study addressed uptake of ultra-short-
chain PFCAs (C2 and C3) [75¢]. This study was with hydro-
ponically cultivated wheat in which they found high uptake of
C2 and C3 PFCAs into the roots and shoots due to multiple
uptake mechanisms [75¢]. As previously noted, EtFOSA-
fortified soils produced a series of degradation products
(FOSAA, FOSA, and PFOS) which increased when growing
carrots [25]. Both the intermediate FOSA and terminal metab-
olite PFOS were found on the carrot peel as well as
transported into the leaves along with small amounts into the
carrot core whereas the precursor EtFOSA remained in the
soil with only small amounts found on the peel [25]. Zhao
et al. [108] exposed hydroponically cultivated wheat, soy-
bean, and pumpkin to EtFOSA (1 mmol/mL) and proposed

in vivo transformation of EtFOSA to FOSAA, FOSA, and
PFOS in solution by microbes and further metabolic degrada-
tion in plant tissue to PFOS, PFHxS, and PFBS. Impurities in
the EtFOSA standard lead to initial PFOS concentrations in
the incubation solution; however, PFOS concentrations signif-
icantly increased in the presence of plant roots and associated
microbes [108]. Similar results were observed for wheat with
FOSA-fortified soils [51] and hydroponically grown soybeans
and pumpkin [87] except that additional shorter-chain PFSAs
(PFHxS and PFBS) were observed, particularly in the roots
with some in the shoots, albeit at much lower concentrations
than PFOS. PFOS is a known microbial degradation product
of FOSA while PFBS and PFHxS are not [34]. The authors
attributed the formation of short-chain PFSAs to a unique
metabolic pathway. However, there are several noteworthy
points to consider. First, the FOSA used was a technical grade
(90-92% purity) with 8 mol% PFOS. Analysis targeted only
FOSA, PFOS, and shorter-chain PFSAs and PFCAs; there-
fore, other impurities would have been missed such as shorter
perfluoroalkyl chain sulfonamides, which would lead to
PFSA degradation products of the corresponding chain length.
In addition, in the case of wheat grown in both systems, higher
levels of these short chains were found when grown in soils
where microbial degradation would be higher [51]. Also in the
hydroponic systems for soybean and pumpkin, small amounts
of' both PFBS and PFHxS were found in the plant controls (no
FOSA added) [87]. Lastly, in order to form PFBS and PFHxS
from FOSA, cleavage to produce a shorter fluorinated alkyl
chain with reattachment of either a fluorine atom (if C-C
cleavage occurred) or a sulfonate group (if C-S cleavage oc-
curred) would have had to happen, which seems thermody-
namically unlikely. Therefore, although the authors propose
that production of PFBS and PFHxS from FOSA indicates a
unique plant-mediated metabolism, it is much more plausible
that these results are due to impurities in the technical FOSA
used, for which additional support using oxidative stress mea-
sures was provided [87]. Enhanced degradation in the pres-
ence of plants and formation of additional metabolites relative
to what is known to occur in microbially active soils have also
been shown for 6:2 FTSA [87] and 8:2 diPAP [34]. Carrots
enhanced 8:2 diPAP degradation and yielded additional
PFCAs compared to what occurred in soil-only controls as
well as what was observed with lettuce [34]. Whereas acid
metabolites translocated, 8:2 diPAP remained primarily in
plant portions in contact with the soil (e.g., carrot, lettuce
heart) [34]. Therefore, plant-mediated degradation of 8:2
diPAP was likely due to carrot exudates rather than degrada-
tion within the plant. In 6:2 FTSA exposure to hydroponically
grown pumpkin, series of PFCAs (C2—C7) were produced
with the C2 and C3 acids not present in root exudates controls;
therefore, the authors concluded some 6:2 FTSA biotransfor-
mation was occurring within the plant. Such complexities can
complicate interpretation of PFAS-specific uptake.
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Plant Uptake Mechanisms

Plant mechanisms involved in chemical uptake are plant-spe-
cific, but must first involve initial transfer to the root and
adsorption to apoplastic plant tissue followed by translocation
through the xylem in the central vasculature to the shoot and
remainder of the plant. It is widely accepted that the Casparian
strip, which is located in the root endodermis and made up of
lignified structures that regulate water and mineral uptake by
the roots, also serves to constrain translocation of contami-
nants from roots to the central vasculature, thus the rest of
the plant [109]. The Casparian strip prevents passive transport
of compounds across the endodermis, by sealing the nonliving
spaces between cells and cell membranes (apoplast) [110].
The suberin lamella is an additional selective barrier that is
formed in some plants by covering the endodermal cells with
the hydrophobic polymer suberin [109].

Trends discussed in PFAS plant uptake studies are consis-
tent with this hypothesis that the Casparian strip constrains
translocation of long-chain PFCAs, PFSAs, FOSAs, and Cl-
PFAESs, thus resulting in TF <1 for these PFAS. Felizeter
et al. [91] hypothesized that transfer of long-chain PFAS was
inhibited by the Casparian strip while the more soluble shorter
chains were transported with water into the foliage by com-
paring RCF, FRCF, and TSCF values for C4-C14 PFCAs and
C4-C8 PFSAs in hydroponic studies with lettuce and in light
of sorption to root isotherms. They showed that both RCFs
and TSCFs had U-shaped curves with the minimum occurring
with C7 PFCA while FRCFs consistently decreased with in-
creasing chain length. They also showed that sorption to root
isotherms were only linear for C4-C6 PFCAs and PFBS while
all longer-chain PFAS exhibited nonlinear isotherms.
Findings from hydroponic studies may not transfer well to
studies with soils due to the strong chain-length—dependent
interactions of PFAS with soils, thus affecting RCFs and sub-
sequent translocation. Miiller et al. [105¢] further investigated
this U-shaped curve phenomenon by measuring uptake,
depuration, and translocation kinetics for C4—C10 PFAAs in
hydroponically cultivated Arabidopsis thaliana in which they
evaluated uptake kinetics to root and shoot independently.
They also evaluated sorption to dead roots which they used
to calculate sorption normalized concentration factors
(SNCFs) to better differentiate between physical adsorption
and active uptake. They observed preferential uptake of
PFBA followed by slow and incomplete depuration. Thus,
they proposed a 2-compartment uptake process occurs in
which PFBA uptake by the root symplast is reversible where-
as uptake by one or more compartments is not reversible,
which may involve the central vasculature and/or organelles
and be influenced by active transport from the roots [105¢].
Other hydroponic studies with wheat also saw enhanced trans-
location of shorter-chain PFBA compared to the longer-chain
PFAAs [75¢, 78]. Different transport inhibitors were used to
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elucidate active transport mechanisms in hydroponically
grown wheat exposed to C2—C8 PFAAs [75¢] and in an
Asian wetland plant (Alisma orientale) exposed to PFOA
and PFOS [111]. Both studies observed Michaelis-Menten
type uptake behavior and when coupled to the effects of in-
hibitors concluded that PFAA uptake is an energy-dependent
active uptake process mediated by carrier proteins. Depending
on the specific PFAA and plant species, transport of these
carriers could involve anion channels and/or aquaporin chan-
nels [75¢, 111]. For chicory grown hydroponically, Gredelj
et al. [102¢] did not observe a pronounced U-shape trend in
PFAA (C4-C10) uptake behavior, which was attributed to
using higher PFAA exposure concentrations than comparable
studies [91, 105<]. Gredelj et al. [102¢, 104] also exemplified
that chain-length—dependent uptake patterns observed hydro-
ponically may not compare directly to soils grown in soils due
to PFAS-soil interactions.

Several studies indicate that root proteins and lipids may
influence uptake and bioaccumulation of PFAS in plant tissues
[76, 83, 84, 108, 111]. Wen et al. [83, 84] found positive cor-
relations between PFOS and PFOA RCFs and root protein
content [83] as well as between TFs and shoot to root protein
ratios [84] across seven plant species (alfalfa, lettuce, maize,
mung bean, radish, ryegrass, and soybean). Likewise for the
same plants, Wen et al. [83] found that although root protein
content could account for 55% of the variations in N-EtFOSAA
plant concentrations, when combined with lipid content, 85%
of the variation across species was predicted. This was in con-
trast to PFOS and PFOA in which RCFs were negatively cor-
related to lipid content. In hydroponic studies, H. Zhao et al.
[76] attributed increasing root accumulation with increasing
PFCA chain length to sorption to root lipids or membrane pro-
teins resulting in lower translocation of the longer-chain PFCAs
(e.g., PFDoA) compared to the shorter-chain PFCAs. Zhao
et al. [108] found that RCFs for N-EtFOSA increased with
increasing root lipid content of hydroponically grown pumpkin,
wheat, and soybean. Wang et al. [111] demonstrated that PFOS
and PFOA partitioned differently into the subcellular plant
components of the hydroponically grown wetland plant
Alisma orientale, with PFOA residing primarily in the water-
soluble fractions of stems, roots, and leaves and PFOS residing
primarily in cell walls of roots and leaves and the water-soluble
fraction of stems. PFOA and PFOS increased in the cell walls
(anionic) and organelles (15-30% lipid) of roots, stems, and
leaves with time, and reached an approximate equilibrium after
8 days of exposure [111]. When plants were transplanted into
new PFAS-free culture solutions, approximately 80% of PFAS
originally taken up was released [111]. These results exemplify
that PFAS properties impact uptake to various plant compo-
nents as well as differences in the subcellular distribution within
a plant component.

Contaminants other than PFAS can invoke responses by
the Casparian strip and suberin lamellae. For example, maize
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roots responded to Cd exposure by developing suberin
lamella, which along with the Casparian strip can inhibit
the translocation of Cd and other contaminants to the xy-
lem and the remainder of the plant [112]. Co-
contamination of PFOS or PFOA with Cd decreased the
bioaccumulation of these PFAAs in both wheat and rape-
seed; however, the PFAA TFs decreased in wheat only
and increased in rapeseed. Interestingly, both the bioaccu-
mulation and TFs of Cd were increased in both plant
types in the presence of these PFAAs [81]. Although the
authors hypothesized that the cause of co-contamination
effects was due to impacts on sorption to soil, thus soil
solution concentrations, this is not well supported given
the inconsistent data trends. It is more likely that Cd in-
voked changes in the plant. Wang et al. [113] observed an
increased presence of suberin lamella or inactivation of
aquaporin channels in response to Cd, which may also
decrease PFAS translocation [81]. Additionally, potential
PFAS-induced damage to the barriers in root structure at
high concentrations (200 mg/L) [78] may allow for in-
creased uptake. Therefore, future studies should consider
plant properties that may impact PFAS uptake in addition
to sorption dynamics.

Identifying and differentiating PFAS source contribu-
tions especially in field studies can be difficult as previ-
ously noted. PFAS in irrigation water are readily bioavail-
able for plant uptake, as demonstrated by Gredelj et al.
[104] who showed chicory irrigated with PFAA-
containing water having an increased uptake of long-
chain PFAAs into the edible heads whereas PFAA soil
concentration had a stronger impact on PFAA root con-
centrations. Seo et al. [114] attributed higher concentra-
tions in plants than expected from soil transfer alone to
atmospheric deposition [36]. Seo et al. [114] showed that
PFCAs, neutral PFAS, and PFBS commonly partition to
the gas phase, while PFOS tends to partition onto airborne
particles. Gaseous uptake by tree bark from multiple spe-
cies in China was identified as the main uptake mecha-
nism for short-chain PFAS, which associated well with
high lipid content [115]. In contrast, the presence of
long-chain PFAS was attributed to airborne particles be-
ing trapped in bark fissures given the lower concentra-
tions in the smooth bark species [115]. The influence of
particles and surface texture on PFAS concentrations may
also be responsible for higher PFAS concentrations in
potato peel than flesh [42¢]. For example, recent work
showed the presence of PFAS-containing soil mineral de-
rived micron-sized particles on the surface of potatoes
even after washing [95]. Therefore, while field studies
are critical to bounding PFAS occurrence levels in plants,
the multiple variables and variations that exist in field-
scale studies confound data interpretation targeted at un-
derstanding uptake mechanisms.

Metabolic Responses and Phytotoxicity

PFAS presence and uptake can elicit a metabolic response in
plants [21, 75+, 100, 116] which may include chemical mod-
ification, conjugation, and compartmentation. Superoxide dis-
mutase (SOD), peroxidase (POD), catalase (CAT), glutathi-
one (GSH), glutathione-S-transferase (GST), cytochromes
P450 (CYP450), and malondialdehyde (MDA) are enzymes
and metabolites that collectively serve as a defense against
damage from superoxide radicals and reactive oxygen species
(ROS) by preventing their formation or destroying those
formed. PFAS exposure induces plant responses including
enzymatic activity [78, 81, 87, 100, 103, 116] and metabolite
production [21, 90] that may play a role in reducing phytotox-
ic impacts of PFAS within plants and/or promote in vivo deg-
radation [87, 100].

Metabolic and phytotoxic responses were reported in crops
and produce. Co-exposure of PFOS and PFOA caused several
inorganic plant elements (Na, Mg, Cu, Fe, Ca, Mo, and K) to
decrease in lettuce leaves while Zn increased, which may be
due to ROS-induced ion channel leakage [21]. Also in lettuce,
PFOS and PFOA altered amino acid metabolites, dipeptides,
fatty acids, lipids, phytol, purine nucleosides, phenolic antiox-
idants, and flavonoids, as a result of stress responses to DNA
injury, photosynthesis inhibition, and impact to energy metab-
olism [90]. PFAS exposure significantly increased chloro-
phyll, MDA, and POD, but slightly decreased SOD in rape-
seed [81]. Co-contamination with Cd led to PFAS stress re-
sponses including decreased urease activity, POD activity,
and biomass in rapeseed. In wheat, chlorophyll and MDA
inhibition occurred [81]. Also, wheat shoot and root biomass
decreased at higher PFAA exposure concentrations (2000 ng/
g) while root biomass increased at lower exposure concentra-
tions (200 ng/g) [79]. Additionally in wheat, exposures of
PFOS at higher concentrations (100-200,000 png/L) invoked
changes in chlorophyll, protein synthesis, growth, SOD, and
POD [78]. Chlorophyll a and chlorophyll b increased with
exposure to long-chain PFAAs while exposure to short-
chain PFAAs led to decreases in chlorophyll a [79].
Pumpkin and soybean exposure to FOSA increased SOD
(soybean 19.2-30.8%, pumpkin 39.2-92.8%) and POD (soy-
bean 19.2-20.7%, pumpkin 21.1-37.6%), likely in response
to increased production of ROS [87]. GST and CYP450 also
increased with FOSA exposure. Both enzymes are known to
play a role in detoxification of contaminants, and thus may
have also played a role in plant-mediated FOSA degradation
[87]. CYP450 activity increased in pumpkin exposed to 6:2
FTSA and when CYP450 activity was reduced by addition of
a CYP450 oxidation inhibitor (1-aminobenzotriazole), PFCA
metabolites from 6:2 FTSA degradation decreased, supporting
plant-mediated biotransformation [100]. Thus, metabolic re-
sponses may lead to some oxidative degradation of PFAS,
which will be plant and PFAS dependent. However, stress
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responses at the field-scale when irrigating fields or land ap-
plying waste-derived fertilizers have not been reported or ob-
served. This is likely due to environmental concentrations
typically being lower than those used in lab-based studies,
the positive attributes of the amendments to the plants, and
their ability to compensate for chemical-induced stress.

Conclusions and Data Gaps

The PFAS list previously considered to be of interest in soil-
plant transfer studies has expanded from select PFAAs (main-
ly PFOS, PFOA, PFBA, and PFBS) to include PFAS precur-
sors, additional PFA As, and additional PFAS classes (FASAs,
CI-PFAESs, FASAAs, diPAPs, FTSAs, and FTCAs). Of the
PFAS discussed, side-chain fluorinated polymer surfactants,
diPAPs, FASAAs, and FTSAs, were identified in waste-
derived fertilizers or fields treated with waste-derived fertil-
izers. CI-PFAESs should also be considered, especially in
China [12, 77]. Future field studies on plant accumulation
would benefit from including either nontarget PFAS screening
and/or utilizing non-specific tests to better evaluate the level of
precursors present that may serve as a PFAA reservoir.
Degradation rates and pathways (intermediates on the way
to PFAAS) in agriculturally relevant soils and conditions are
lacking for many precursors and those for recently identified
are completely unknown [30, 33¢]. Such studies are needed to
elucidate the true potential for these precursors to contribute to
PFAS intermediates and PFAAs becoming available in the
root zone for uptake during the life of the plant. Field studies
should also expand upon the number of PFAS quantified as
increasingly more standards are becoming available. Future
studies on PFAS in agricultural soils in both greenhouse and
field studies should include sufficient details on soil and soil
amendment properties that can influence PFAS mobility, and
thus plant availability [60].

Land application of PFAS-containing media results in plant
uptake of short-chain PFAS into plant components that are
consumed by humans, utilized as fodder, or land-applied.
Long-chain compounds typically sorb to or are taken up into
plant roots and largely remain in the roots while short-chain
compounds have a higher propensity to translocate into plant
shoots. Uptake varied between species and within species and
was associated with different plant properties including root
lipids and proteins. However, more research is needed to make
further inferences on the effects of plant characteristics on
uptake. Uptake was shown to be an active carrier protein-
mediated process in wheat, which contrasts with frequently
cited passive transport processes that are constrained by the
Casparian strip. Plant uptake depends on how long PFAS
reside in the root zone and on PFAS concentrations.
Therefore, the use of high concentrations and growing condi-
tions that minimize leaching could explain why plants grown
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in pot studies generally have higher concentrations of short-
chain PFAS than have been observed in field studies.
However, when plants are grown in fields close to
fluorochemical manufacturing plants, higher concentrations
than predicted from PFAS concentrations in soils may be ob-
served due to atmospheric deposition or irrigation with PFAS-
contaminated water. Likewise, comparisons made between
hydroponic and soil-based studies must take into consider-
ation the impacts of soil-based sorption, air—water interface
sorption variability, porewater available compounds in soil,
and morphological growth differences (root structure and sur-
face area). Lastly, in some cases, plant enzymes were found to
enhance degradation rates of precursors and increase the
yields of the more bioavailable PFAAs.

Knowledge on mechanisms of soil-plant transfer, phyto-
toxicity, and PFAS metabolism in plants is growing and can
inform future decision-making regarding cultivation on
PFAS-laden soils. Similar to how lower PFAS levels are
found in agricultural fields than pot studies, phytotoxic effects
were observed at exposure concentrations that are generally
considerably much higher than those observed in field studies.
Risk of PFAS exposure from plant uptake is multifaceted [38]
and encompasses not only plants that are directly consumed,
but also through the food web (e.g., bioaccumulation in live-
stock feeding on PFAS contaminated water, forage, and feed)
[117]. Field studies that demonstrate plant uptake, fate of
PFAS, and risks associated with land-applied media contain-
ing PFAS are needed to inform farmers, landowners, and
policymakers on how farming practices will impact the food
supply chain.

Future studies should aim to:

+ Investigate paper mill waste, industrial byproducts,
recycled water, and pesticides as potential sources of
PFAS in agricultural systems and their impact on source
water in agricultural operations

* Conduct additional field studies, particularly those involv-
ing land application of typical waste-derived fertilizers or
treated effluent

* Include a larger suite of PFAS for quantification consistent
with current knowledge as well as analytical approaches
that identify allow insight into additional PFAS including
precursors that may serve as a long-term release reservoir
of more mobile PFAS

+ Investigate soil-plant transfer of replacements com-
pounds, e.g., GenX, ADONA, and others as they become
known

* Include more realistic PFAS concentrations in studies de-
signed to improve our understanding of plant-specific up-
take mechanisms and plant responses to PFAS exposure

* Include studies that improve our ability to quantify the role
of plant enzymes on enhanced precursor degradation in
the rhizosphere and within the plant
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